In Europe, Ixodes ricinus is the vector of many pathogens of medical and veterinary relevance, among them Borrelia burgdorferi sensu lato and tick-borne encephalitis virus, which have been the subject of numerous investigations. Less is known about the occurrence of emerging tick-borne pathogens like Rickettsia spp., Babesia spp., "Candidatus Neoehrlichia mikurensis," and Anaplasma phagocytophilum in questing ticks. In this study, questing nymph and adult I. ricinus ticks were collected at 11 sites located in Western Switzerland. A total of 1,476 ticks were analyzed individually for the simultaneous presence of B. burgdorferi sensu lato, Rickettsia spp., Babesia spp., "Candidatus Neoehrlichia mikurensis," and A. phagocytophilum. B. burgdorferi sensu lato, Rickettsia spp., and "Candidatus Neoehrlichia mikurensis" were detected in ticks at all sites with global prevalences of 22.5%, 10.2%, and 6.4%, respectively. Babesia-and A. phagocytophilum-infected ticks showed a more restricted geographic distribution, and their prevalences were lower (1.9% and 1.5%, respectively). Species rarely reported in Switzerland, like Borrelia spielmanii, Borrelia lusitaniae, and Rickettsia monacensis, were identified. Infections with more than one pathogenic species, involving mostly Borrelia spp. and Rickettsia helvetica, were detected in 19.6% of infected ticks. Globally, 34.2% of ticks were infected with at least one pathogen. The diversity of tick-borne pathogens detected in I. ricinus in this study and the frequency of coinfections underline the need to take them seriously into consideration when evaluating the risks of infection following a tick bite.
I
xodes ricinus is the most abundant and widespread tick species throughout Europe. It is the vector of many emerging pathogens of veterinary and human medical importance, including viruses like tick-borne encephalitis virus (TBEV); bacteria like Borrelia burgdorferi sensu lato, spotted fever group (SFG) rickettsiae, and Ehrlichia-Anaplasma; and protozoa such as Babesia spp.
B. burgdorferi sensu lato is the agent of Lyme borreliosis, the most prevalent tick-borne disease in Europe. Ten Borrelia species of the B. burgdorferi sensu lato complex (B. burgdorferi sensu stricto, B. afzelii, B. garinii, B. valaisiana, B. spielmanii, B. bavariensis, B. bissettii, B. finlandensis, B. carolinensis, and B. lusitaniae) and Borrelia miyamotoi, related to the relapsing fever spirochetes, have been detected in I. ricinus (11, 13, 22, 37) , and most of them are known as pathogens of humans (22) . In Switzerland, all these Borrelia genospecies, except B. bissettii, B. finlandensis, and B. carolinensis, were detected in I. ricinus ticks (22) .
Ehrlichia and Anaplasma species are intracellular bacteria. Anaplasma phagocytophilum was first established as a veterinary pathogen until the discovery of the first case of human granulocytic anaplasmosis in the United States (12, 63) . In Europe, fewer than 100 clinical cases have been reported (22). In Switzerland, A. phagocytophilum has been detected in fewer than 2% of I. ricinus ticks, but no human case has been documented (36, 45) . Recently, a newly described pathogen, "Candidatus Neoehrlichia mikurensis," in blood samples of a patient with signs of septicemia was reported in Switzerland (18) . The bacterium, a member of the family Anaplasmataceae, has been detected primarily in I. ricinus ticks in the Netherlands and was designated an Ehrlichia-like "Schotti variant" (50) . Afterwards, a similar organism, "Candidatus Neoehrlichia mikurensis," was isolated from wild rats in Japan, representing a novel genetic cluster together with the Ehrlichialike Schotti variant (34). Ticks infected by members of this cluster were reported in Japan (34) and in Europe (1, 50, 59, 62) but never in Switzerland.
Tick-borne rickettsioses are caused by bacteria of the genus Rickettsia, belonging to the SFG. Rickettsiae are currently considered emerging pathogens, like, for example, Rickettsia helvetica and R. monacensis in Europe and Eurasia. The pathogenicity of R. helvetica remains unclear, although it was reported to be involved in some cardiac and neurological symptoms (19, 39, 40) . R. monacensis was isolated from the blood of patients (31) and was found in I. ricinus ticks from different countries in Europe. In Switzerland, R. helvetica appears frequently in ticks (7), whereas R. monacensis is rare (9) .
Babesiosis, caused by a protozoon of the genus Babesia, is a disease of veterinary importance but is getting increasing consideration as an emerging disease of humans. In Europe, Babesia divergens, B. microti, and B. venatorum (also known as Babesia sp. EU1) are of medical importance (27). In Switzerland, a recent study reported these three Babesia species in fewer than 2% of ticks (23).
Information on the occurrence of the above-mentioned pathogens, except B. burgdorferi sensu lato, is scarce, especially in Western Switzerland. Moreover, little is known about their coexistence in I. ricinus ticks. In Europe, the prevalence of ticks carrying multiple pathogens has been reported to vary between 3.2% (47) and 28.8% (57) . Because mixed infections (involving species of same genus) and coinfections (involving species of different genera) are of medical relevance, by increasing the severity of symptoms in humans and animals (6) , it is crucial to determine the prevalence
RESULTS
A total of 1,476 I. ricinus ticks, including 1,194 nymphs and 282 adults (144 females and 138 males), were collected and individually screened for the presence of A. phagocytophilum, Rickettsia sp., Borrelia sp., and Babesia sp. DNAs ( Table 2 ). The occurrence of "Candidatus Neoehrlichia mikurensis" was screened for in 818/ 1,476 ticks collected at 5/11 sites (648 nymphs, 91 females, and 79 males).
Borrelia spp. were the most frequently isolated pathogens in ticks, with a global prevalence of 22.5% (328/1,458) ( A. phagocytophilum-infected ticks were recorded at 4/11 sites ( Table 2 ). The global prevalence reached 1.5% (22/1,476; 18/1,194 nymphs and 4/282 adults), and the mean local prevalence (only sites where A. phagocytophilum was present are taken into consideration) was 2.7% (22/812). Sequencing (16S rRNA gene) was successful for one sample, which showed 100% homology with an A. phagocytophilum strain from a cat (accession number HM138366) and 99% homology (divergence of 1 base only) with strains isolated from human blood in Italy (accession number DQ029028), I. ricinus (accession number AF084907), and one horse (accession number AF057707) in Switzerland.
"Candidatus Neoehrlichia mikurensis" DNA was found at all sites, with a global prevalence of 6.4% (52/818; 41/648 nymphs and 11/170 adults) ( Table 2 ). Sequencing of 20/52 samples (16S rRNA gene) revealed 100% homology to each other and to other strains isolated from human blood in Switzerland (GenBank ac- (Table 3 ). The B. garinii-B. valaisiana association was the most frequently found association (Table 3) . Coinfections involving pathogens of different genera were detected in 4.7% (69/1,476) of ticks and in 13.7% (69/505) of infected ticks (Table 3) . These coinfections involved mostly B. afzelii and R. helvetica. B. afzelii was found mostly in association with R. helvetica (13/36; 36.1%) and "Candidatus Neoehrlichia mikurensis" (12/36; 33.3%) (Table 3 ). Inversely, 60% of "Candidatus Neoehrlichia mikurensis" isolates were in coinfections with B. afzelii (12/20) (Table 3) .
If we considered ticks to be infected by more than one pathogen species, we observed a global prevalence of 6.7% (99/1,476). Among infected ticks, 19.6% (99/505 ticks) were carrying more than one pathogen species. Globally, adult ticks (31/282; 11%) were more frequently infected with multiple pathogens than nymphs (68/1,194; 4.6%) (P Ͻ 0.005 by 2 test). Infections with three pathogen species were observed for 6 ticks (6/1,476). B. valaisiana occurred frequently in multiple infections (27/59; 45%), mostly with B. garinii (11/59; 18.6%) and R. helvetica (8/59; 13.6%) (Table 3) . Additionally, B. valaisiana was implicated in 5/6 triple infections (see above). Similarly, A. phagocytophilum was frequently involved in coinfections, since 9/22 (41%) A. phagocytophilum infections were coinfections (Table 3) .
Globally, the prevalence of ticks infected with at least one pathogen reached 34.2% (505/1,476) ( Table 2) .
DISCUSSION
Here, we assessed the prevalences and geographic distribution of five human-pathogenic microorganisms (Borrelia spp., Rickettsia spp., Babesia spp., A. phagocytophilum, and "Candidatus Neoehrlichia mikurensis"), as well as their coinfections, in questing ticks at 11 sites situated in Western Switzerland.
Borrelia spp., Rickettsia spp., and "Candidatus Neoehrlichia mikurensis" were present at all sites, while Babesia spp. and A. phagocytophilum showed a more restricted geographic distribution. Ticks infected with Borrelia genospecies were largely predominant, and the mean prevalence reached 22.5%, followed by Rickettsia spp., which were identified in 10.2% of ticks. This is in line with prevalences previously reported for Switzerland (7, 33) . In contrast, the prevalence of Babesia spp. and A. phagocytophilum in ticks was lower than 2%, and they were not present at all sites. The absence of Babesia spp. at two sites can be explained by the relatively few ticks examined at these sites (n ϭ 24 and n ϭ 71) in relation with the low mean prevalence observed (1.9%). However, A. phagocytophilum was absent from sites where it could be reasonably expected to occur considering its mean local prevalence (2.7%) and the number of collected ticks, indicating a patchy distribution. A similar patchy distribution was reported previously for Spain and Sweden (3, 52) . On the other hand, despite the low prevalence of infected ticks and their patchy distribution within a region, the "pockets of infection" were quite stable over years. In fact, when A. phagocytophilum was present at a location, it was detected again the following year (data not shown). The low prevalence of Babesia spp. and A. phagocytophilum is in the range (0 to 1.7% and 0.8 to 2%, respectively) of what has been observed in Switzerland (9, 10, 23, 45) . The A. phagocytophilum sequence obtained here was identical or closely related (99 to 100% identity) to those of other pathogenic strains isolated from domestic animals in Switzerland and the Czech Republic (44; D. Hulinska, unpub- lished data), from I. ricinus ticks in Switzerland (45) , and from humans in Italy (15) . Therefore, the presence of this pathogenic strain in ticks from Switzerland points out a real risk of infection for animals and humans. This study reports for the first time the presence of "Candidatus Neoehrlichia mikurensis" in questing I. ricinus ticks from Switzerland. More than 6% of ticks were infected by this microorganism, which occurred at all sites. In Europe, the prevalence of "Candidatus Neoehrlichia mikurensis" is known to range from 3.5% to 7% (1, 50, 62) . "Candidatus Neoehrlichia mikurensis" can currently be considered an emerging pathogen of veterinary and medical importance. In 2007, the bacterium was identified in a dog with hematological troubles in Germany (17) . In 2010, four human cases were reported in Switzerland, Germany, and Sweden (18, 60, 61) , one of which was fatal. All the sequences here were identical to sequences of strains detected in the blood samples of patients suffering from febrile bacteremia in Switzerland and Germany (18, 60) and of a strain from I. ricinus in Germany (59). Our findings indicate that "Candidatus Neoehrlichia mikurensis" is present in questing ticks in Western Switzerland, representing a risk of contracting "Candidatus Neoehrlichia mikurensis" for humans and pets.
Among the five pathogens identified here, Borrelia spp. and Rickettsia spp. demonstrated a high variability in their occurrences in ticks according to site. Their local prevalences ranged from 9.3% to 33.3% for Borrelia spp. and from 4.2% to 15.7% for Rickettsia spp. Similar variations were observed previously in Europe, where local prevalences of Borrelia spp. (33, 47) and Rickettsia spp. (24) differed greatly among areas. Ecological conditions present at each site, including reservoir host availability or a high density of reservoir-incompetent hosts, most certainly play a role in these local variations.
The prevalences of the different Borrelia genospecies in ticks were in agreement with previously reported findings in Switzerland (26), except that two uncommon genospecies (B. lusitaniae and B. spielmanii) were detected in this study. B. lusitaniae-infected ticks are very common around the southern limit of the distribution of I. ricinus ticks (16, 64) but are quite uncommon in other regions. In Switzerland, B. lusitaniae has been detected in free-living ticks in some localities of Canton Ticino (32), in ticks feeding on birds (43), and in Western Switzerland (33); our findings report its occurrence in two additional localities. In contrast, B. spielmanii has been reported only once in Switzerland (21) . B. spielmanii, which is pathogenic to humans (4), has already been identified in ticks in France and Germany (46, 48) .
Two different Rickettsia species were identified here. R. helvetica was the most common and the most abundant species. The other species, R. monacensis, was found in only two nymphs. Sequencing revealed 100% identity with Rickettsia sp. strain 362, isolated from the blood samples of patients with Mediterranean spotted fever in Spain (30) and recognized afterwards as R. monacensis, a novel Rickettsia species (54) . The arrangement of Rickettsia species observed here (Ͼ90% R. helvetica and Ͻ2% R. monacensis) was similar to that reported previously for Switzerland, where few R. monacensis-infected ticks have been identified (7, 9) , whereas R. helvetica is commonly identified in ticks (7, 41) . R. monacensis is only sporadically present in Central Europe, while it tends to be more common in Southern Europe (49) .
B. venatorum was by far the most prevalent Babesia sp. identi- Moreover, coinfections with pathogens of different genera were detected in 4.7% of ticks and in 13.7% of infected ticks. Globally, 6.7% of ticks and 19.6% of infected ticks were carrying more than one pathogen (mixed infections and coinfections); among them, coinfections with B. afzelii and R. helvetica were the most frequent. This was not surprising, as they represented the most prevalent species. B. afzelii was strongly associated with R. helvetica and "Candidatus Neoehrlichia mikurensis," probably due to their common reservoir hosts. In fact, B. afzelii is associated with rodents (22), and some previous studies designated rodents as potential reservoirs for "Candidatus Neoehrlichia mikurensis" (2, 34) . I. ricinus acts as both a vector and a reservoir host of R. helvetica, and no vertebrate host is really required for its maintenance. Nevertheless, it was demonstrated previously that mice and roe deer might also be reservoirs for R. helvetica (55) .
B. valaisiana was frequently implicated in mixed infections with B. garinii and in coinfections with two or three pathogens, mostly with R. helvetica. B. valaisiana and B. garinii share a common reservoir host, songbirds (28). To our knowledge, only one previous study described coinfections involving B. valaisiana and R. helvetica (47) . Interestingly, the level of involvement of A. phagocytophilum in coinfections was relatively high (0.6%), compared to its low prevalence (1.5%). Part of explanation for this finding is the immunosuppressive action of A. phagocytophilum, making infected animals and humans more susceptible to other infections (63) . Triple infections were detected in two males and four nymphs, underlining the important role of hosts as sources of multiple infections for ticks by carrying various microorganisms. As expected, I. ricinus adults were more frequently infected with multiple pathogens than nymphs, probably due to consecutive feedings.
In our study area, five different pathogens were found to circulate, and surprisingly, a high frequency of ticks was infected with at least one pathogen (34.2%). Moreover, 19.6% of infected ticks were carrying more than one pathogen, and this prevalence could easily be expected to be higher if all collected ticks had been screened for "Candidatus Neoehrlichia mikurensis." Compared to a previous study of the same pathogens (except "Candidatus Neoehrlichia mikurensis") in Luxembourg (47), Borrelia spp. and Rickettsia spp. were found more frequently in ticks in this study (22.5% and 10.2%, respectively, compared to frequencies of 11.3% and 5.1%, respectively, reported previously [47] ), while the prevalences of Babesia spp. and A. phagocytophilum were slightly lower (1.9% and 1.5%, respectively, compared to prevalences of 2.7% and 1.9%, respectively, reported previously [47] ). Moreover, the global prevalence of ticks infected by at least one pathogen in this study (34.2%) and the prevalence of multiple infections in ticks (6.7%) were higher than those reported previously for Luxemburg (19.5% and 3.2%, respectively [47] ). In conclusion, this study contributes to a better understanding of the occurrence and co-occurrence of human-pathogenic agents in questing I. ricinus ticks.
